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ABSTRACT 
RYAN CHAPMAN: Investigation into the Initial Electric Field Change of Lightning 
Flashes 
(Under the direction of Thomas Marshall) 
 
 
 Previously, an initial electric field change (IEC) was found occurring before 
initial breakdown (IB) pulses by sensors within the reversal distance of 36 lightning 
flashes [Marshall et al. 2014]. The E-change for a CG flashes was positive within 
reversal distance, and the E-change for an IC flashes was negative. With this data in 
mind, an IEC is best defined as occurring from zero slope to gradual increase in E-change 
at the beginning of a lightning flash, and it ends with the first IB pulse. The purpose of 
this thesis is to extend said findings to further understand the characteristics of IECs as 
well as look at instances of unique IECs not categorized as either intracloud (IC) or 
cloud-to-ground (CG) flashes. 
 In order to find the IECs, electric field change (E-change) sensors were spread 
across east central Florida in the summers of 2010 and 2011. The 2
nd
 generation 
Lightning Detection And Ranging system (LDAR2) was used for location data of the 
IECs by locating impulsive lightning events [Murphy et al. 2008]. Vertical point dipole 
moments were also calculated for IECs with LDAR2 locations in order to normalize the 
E-change data for IECs at different distances from sensors. 
 A total of 55 lightning flashes with IECs were recorded (14 CG flashes, 38 IC 
flashes, and 3 two-start flashes). 43 of the 57 flashes in the August 1, 2010, storm were 
analyzed in this study (the 3 two-start flashes had 2 IECs). 10 flashes from August 1, 
 iv 
were previously analyzed for IECs by Marshall et al. [2014]. All 13 flashes from the 
August 17, 2010, were analyzed for IECs (6 from Marshall et al. [2014]). Only 1 out of 
92 flashes (combined with Marshall et al. [2014]) was found without an IEC by a sensor 
within the reversal distance. This could be because the flash was located near the reversal 
distance or because the IEC had a very strong initiation. The two-start flashes had higher 
altitudes, longer durations, and greater point dipole moments than other IECs. 
  
 v 
TABLE OF CONTENTS 
 
LIST OF FIGURES…………………..…………………………………………...……...vi 
LIST OF ABBREVIATIONS…………………………………………………………...vii 
INTRODUCTION………………………………………………………………………...1 
DATA SOURCES AND METHODS…………………………………………………….3 
DATA AND ANALYSES………………………………………………………………...6 
CONCLUSION…………………………………………………………………………..34 
LIST OF REFERENCES………………………………………………………………...36 
  
 vi 
LIST OF FIGURES 
Figure 1 
Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
Figure 7 
Figure 8 
Figure 9 
Figure 10 
Figure 11 
Figure 12 
Figure 13 
 
 
 
 
 
 
 
 
 
Example of an IEC in a CG ……………………………8 
A CG Flash without LDAR2 at Initiation …………….10 
Example of an IEC in an IC Flash ……………………13 
An IC Flash without LDAR2 at Initiation ……………15 
First 10 Minutes of August 1, 2010, Storm …………..17 
Second 10 Minutes of August 1, 2010, Storm ………..18 
Duration vs. Time for Aug. 1, 2010 …………………..19 
IECs for August 17, 2010, Storm …………………21-22 
CG Flash with No IEC ………………………………..25 
Two-start Flash IEC vs IC Flash IEC ………………...27 
Two-start Flash IEC vs IC Flash IEC (50 ms) ………..28 
Separate Two-start Flash IECs vs IC Flash IEC ……...30 
Plots of IECs Collected ……………………………….32 
 
 
 
 
 
 
 
  
 vii 
LIST OF ABBREVIATIONS 
 
CG 
E-change 
IB 
IC 
IEC 
LDAR2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cloud-to-ground 
Electric field change 
Initial breakdown 
Intracloud 
Initial electric field change 
2
nd
 generation Lightning Detection And Ranging system 
 
 
 
 
 
 
 
 
 1 
 
INTRODUCTION 
 
 Marshall et al. [2014a] studied lightning initiation of 18 cloud-to-ground (CG) 
flashes and 18 intracloud (IC) flashes and showed that all 36 flashes began with an Initial 
E-Change (IEC). An IEC is defined as the slow monotonic E-change before the start of 
Initial Breakdown (IB) pulses [Marshall et al. 2014]. Since the IECs were only seen 
within the reversal distance of the IEC event, the lightning events needed to be close to 
one of the electric field change sensors. Sometimes the IECs are accompanied by a 
LDAR2 point at initiation, but this isn’t always the case. The IECs can further be divided 
by the type of lightning event that follows it: either cloud-to-ground or intracloud flashes, 
but there are a few rare exceptions such as hybrid flashes and false start or two-start 
flashes.  
 The goal of my thesis is to extend the study of Marshall et al. [2014] in three 
different ways. By finding and measuring more IEC examples, I will be able to 
strengthen the statistics. Previously, only 36 lightning flashes have been examined for 
IECs, so more are needed in order to better understand the occurrence during a lightning 
storm. Since two storms were the main source for IEC examples (August 17, 2010, was 
completely categorized), we will examine the progression of a storm as it relates to IECs 
and general activity. This thesis also goes on to look in to lightning flashes that do not 
follow the typical characteristics for IECs in CG flashes and IC flashes, such as the IECs 
in two-start lightning flashes. 
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DATA SOURCES AND METHODS 
 
The data for the IECs obtained were collected during July and August of 2010 and 2011 
at the Kennedy Space Center in Florida using electric field change sensors and Kennedy 
Space Center’s LDAR2 location system. 
 
I. ELECTRIC FIELD CHANGE SENSORS 
 
 The electric field change (E-change) sensors were spread across east central 
Florida with Kennedy Space Center at the center of the sensor array. In 2010,there were 5 
E-change sensor sites spanning an area of 30 km x 40 km (see map in Stolzenburg et al. 
[2012]); the number of sensor sites was increased to 10 in 2011 to span an area of 70 km 
x 100 km (see map in Karunarathne et al. [2013]). Each sensor site had three different E-
change sensors called ch1, ch2, and ch3. This study only uses ch 3 data, which were 
digitized and recorded at 1 or 5 M Samples/s if a trigger threshold was exceeded. IECs 
magnitudes ranged from 0.2 – 15.2 V/m with estimated errors ±10% [Marshall et al., 
2014]. The smallest IEC durations was ~0.03 ms while the timing errors are ~0.001 ms. 
Data from the ch3 sensors were also averaged and recorded continuously at 10 
kSamples/s (i.e., no trigger needed). 
 Since an IEC typically has a small E-change (~1 V/m on average) relative to the 
E-change of the complete lightning flash (typically greater than 1000 V/m), IECs were 
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only observed when at least one E-change sensor was within the electric field reversal 
distance of the IEC (or within about 7 km) [Marshall et al., 2014]. 
 
II. LIGHTNING EVENT LOCATION SYSTEM 
 
 Location data for each lightning event was obtained using Kennedy Space 
Center’s 2nd generation Lightning Detection And Ranging system (LDAR2) [Murphy et 
al., 2008]. LDAR2 locations are based on time-of-arrival data from an array of 9 LDAR2 
sensors covering an area similar to that of the 2010 E-change sensor array. LDAR2 
sensors operated in the 60-66 MHz bandwidth and detected impulsive lightning events 
with typical durations of ~1 microsecond. When 6 or more sensors were triggered by a 
lightning event, the x, y, z location of the event was determined [Thomas et al., 2004]. 
The altitude (z) was relative to sea level, and the horizontal locations (x, y) were relative 
to an origin at the Kennedy Space Center. The LDAR2 events used herein were all near 
the center of the LDAR2 array where horizontal position errors were 100-200 m [Murphy 
et al., 2008] and vertical errors were estimated as 240-480 m [Thomas et al., 2004]. 
 
III. POINT DIPOLE MOMENT CALCULATIONS 
 
 For each IEC, duration and E-change can be found using the E-change sensor 
closest to the flash. Since E-change measured for an IEC changes with distance and all 
the flashes occurred at different distances from nearest sensor, some method was needed 
in order to normalize these. Using Equation 11 of Fitzgerald [1957], a vertically oriented 
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point dipole moment can be calculated using the slant range and angle from the E-change 
sensor to the point dipole moment. Therefore, we can get a point dipole value (in C m) 
using the IEC location recorded by LDAR2. In order to find a point dipole value, a 
LDAR2 event must occur at the beginning, during, or end of the IEC. If no LDAR2 event 
occurred during the IEC, a point dipole value was not calculated. While this method 
calculates the vertical component of a point dipole, true point dipoles may have a 
horizontal component as well, and this affects the total E-change of the IEC. In order to 
normalize the E-change using limited data, all the IECs were assumed vertical point 
dipoles in order to calculate the point dipole moment [Marshall et al., 2014]. 
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DATA AND ANALYSES 
 
The data for the IECs collected were divided first in reference to the type of lightning 
flash that follows. The IECs were also divided into the storm they originated from in 
order to better understand the progression of IECs and lightning flashes throughout a 
storm. 
 
I. IEC BEFORE CG FLASH 
 
 An example of an IEC at the beginning of a CG flash is shown in figure 1. The 
data for figure 1 were taken on August 1, 2010, at sensors K14 and K02. The horizontal 
distance between the sensors and the first LDAR2 were 4.69 km for K14 and 19.8 km for 
K02, and the altitude for the LDAR2 event was 6.7 km. Since sensor K14 was closer to 
the CG flash than sensor K02, it was able to capture the IEC. LDAR2 events are plotted 
as altitude (right vertical axis) with the sensor data time shifted to the LDAR2 events, as 
described by Marshall et al. [2014]. 
 Figure 1a shows 150 ms of the beginning of the CG flash from initiation to the 
first return stroke. Since the return stroke is so much larger than the initiation events, 
neither the IEC nor the IB pulses can be seen from figure 1a. The E-change immediately 
after initiation was positive for sensor K14, indicating that it was within the reversal 
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distance of the initiation events, while a much smaller negative E-change was seen for 
sensor K02 indicating that it was beyond the reversal distance. 
 Figure 1b is on a time frame of 3 ms and shows the start of the CG flash shown in 
figure 1a. The first IB pulses can now be seen from both sensor K14 and K02. The IEC 
has a small amplitude relative to the first few IB pulses, and it is barely distinct in the 
time frame for figure 1b. The first two IB pulses are marked on sensor K14, but they are 
also seen on sensor K02. The IB pulses for sensor K14, the closer sensor, have a net 
electrostatic offset in the positive direction while the IB pulses recorded on sensor K02 
show no such electrostatic offset. At both sensors, the IB pulses begin with an initial 
negative deflection. 
 Figure 1c is on a time frame of 1ms and shows the amplitude and duration of the 
IEC more distinctly than figure 1b. The first and second IB pulses are also shown in the 
figure. As found by Marshall et al. [2014a], the beginning of the IEC is coincident with 
the first LDAR2 event. The IEC has a duration of 0.21 ms and ends (by definition) with 
the beginning of the first IB pulse. The IEC has a positive E-change of 0.27 V/m. There is 
no indication on sensor K02 of the IEC due to its greater distance from the IEC. Note that 
the second LDAR2 event was coincident with the first IB pulse. In figure 1, the IEC can 
be seen in reference to the full lightning flash that follows. The IEC only lasts a fraction 
of the actual lightning event ( 0.21 ms vs ~60 ms). 
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Figure 1: The lightning flash was recorded on August 1, 2010, at 18:12 UTC. It occurred 4.69 km from K14 and 19.8 km from K02. 
The plot was time shifted to the LDAR2 events at Electric field vs. time with LDAR2 altitude scale on the right. a) The full lightning 
flash occurs from initiation to return stroke in a time frame of 150 ms. b) The initiation is shown in a time frame of 3 ms. The LDAR2 
at initiation as well as the first two IB pulses can be seen. The IB pulses are also seen at K02, but with no electrostatic offset. c) The 
IEC is now seen in a time frame of 1 ms. It lasts 0.21 ms and has an E-change of 0.27 V/m. A LDAR2 event lines up with the 
beginning of the IEC. No IEC is seen from K02. 
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 Since the first LDAR2 event of figure 1c coincides with the initiation of the IEC, 
it is reasonable to assume the same physical event caused both the first LDAR2 and 
initiated the IEC. As noted by Marshall et al. [2014], an LDAR2 event was not coincident 
with the beginning of all IECs. Figure 2 shows an example of a CG flash in which the 
first LDAR2 did not coincide with the IEC. The first LDAR2 event occurs 6.32 km away 
from sensor K14 and 12.5 km away from sensor WSB. As with the other IEC, the IEC in 
figure 2 is not seen in sensor WSB (a small negative E-change is seen but it is not as 
obvious as from K14). The IEC for this CG event lasts 0.38 ms before the first IB pulse 
and has a E-change of 0.75 V/m. Unlike the IEC from figure 1, the IEC in figure 2 has a 
strong initiation pulse but no coinciding LDAR2 event. The strong initiation pulse is also 
seen at the more distant WSB sensor. Even though there appears to be a strong initiation, 
LDAR2 events are not always reliable in recording them (6 LDAR2 sensors must agree 
on seeing it). The first LDAR2 event for this flash coincides with the first IB pulse. There 
appears to be a spike 0.09 ms before the first IB pulse. It is possible this is actually the 
first IB pulse, but there is no electrostatic offset as obvious as what occurs during the first 
IB pulse labeled. 
 All IECs during CG flashes had a positive E-change within the reversal distance. 
This is consistent with downward motion of negative charge and/or upward motion of 
positive charge during the CG flash [Marshall et al., 2014]. 
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Figure 2: The lightning flash was recorded on August 1, 2010, at 18:07 UTC. at K14 (6.32 km away) and WSB (12.5 km away). The 
time frame for the figure is 1.2 ms. The IEC lasts 0.38 ms up to the first IB pulse and has a E-change of 0.75 V/m. A spike at initiation 
is seen at both K14 and WSB sensors without an LDAR2 event. The first LDAR2 event of the CG flash is associated with the end of 
the IEC (the first IB pulse).  
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IEC BEFORE IC FLASH 
 
 An example of an IEC at the beginning of an IC flash is shown in figure 3. Sensor 
K14 was 4.67 km from the LDAR2 event, and the altitude for the LDAR2 was 8.96km. 
Sensor WSB was the more distant sensor at 19.8 km.  Figure 3a shows the full IC flash 
recorded by both sensors, and it does not have a return stroke since it never touches 
ground. The overall E-change is too large to see the IEC and the IB pulses. The E-change 
immediately after initiation was negative at sensor K14, which is typical for IC flashes 
within the reversal distance due to upward motion of negative charge and/or downward 
motion of positive charge [Marshall et al. 2014]. 
 Figure 3b shows the start of the IC shown in figure 3a. The peak seen by sensor 
K14 before the IEC was caused by inverter noise occurring at 60 hz or every 16.7 ms. 
This inverter noise continues consistently through the full IC flash at K14. It is justified 
as noise since the strong spikes do not occur at WSB. The first two IB pulses for the IC 
are shown in figure 3b. WSB shows the same IB pulses more clearly due to electrostatic 
distortion at sensor K14. The IEC has a small negative amplitude in comparison to the 
first two IB pulses, and it can be seen better in figure 3c. The first two IB pulses for the 
IC are marked in figure 3b. The IB pulses seen at sensor K14 have a negative net 
electrostatic offset with deflections opposite of those seen in CG flashes. 
 In Figure 3c, the IEC for the IC flash is more apparent. Unlike the IEC of a CG 
flash in figure 1, this IEC has a much longer duration of 3.79 ms. Only the first IB pulse 
is shown since the second one is out of frame. The initiation for the IEC in figure 3c 
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aligns with the first LDAR2 like the one in figure 1c. The IEC has a negative E-change of 
-2.48 V/m (a larger magnitude than the IEC in the CG flash in figure 1). 
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Figure 3: The IC flash occurred on August 1, 2010, at 18:12 UTC. The LDAR2 event at initiation occurred 4.67 km from K14 and 
10.9 km from WSB with an altitude of 8.96 km. The graphs measure sensor data at electric field vs time with LDAR2 altitude on right 
axis. Sensor data is time shifted to the LDAR2 events a) The IC flash is shown in a time frame of 400 ms. No return stroke is seen 
since IC flashes do not touch the ground. b) The beginning of the IC flash is shown in a time frame of 40 ms. The first and second IB 
pulse are more evident at WSB due to electrostatic distortion at K14. Inverter noise is also shown to occur at the K14 sensor. c) In a 
time frame of 10 ms, the IEC is more evident. The IEC has a duration of 3.79 ms and E-change of -2.48 V/m. 
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 As with CG flashes, not all of the IECs in IC flashes had a LDAR2 event 
coinciding with initiation of the IEC as shown in figure 4. The first LDAR2 event in 
figure 4 occurred 5.02 km from sensor K14. While the first LDAR2 event did not align 
with initiation of the IEC, it did occur before the first IB pulse and during the IEC. The 
first IB pulse for the IC flash is more visible from the more distant sensor WSB also 
shown in figure 4 similar to the IEC in figure 3, but figure 4 shows a more evident IB 
pulse at K14 as well. The second LDAR2 event aligns with the first IB pulse. An E-
change spike correlates with IEC initiation for both WSB and K14. While there appears 
to be a strong initiation (a distinct E-change spike at the beginning of the IEC) for figure 
4, strong initiations are not observed for all IECs recorded. 
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Figure 4: The IEC occurs in an IC flash during the August 1, 2010, storm at 18:07 UTC. in a time frame of 5 ms. The electric field 
data for both sensors have been time shifted to LDAR2. The first LDAR2 during the IEC occurs 5.02 km from K14 and 10.8 km from 
WSB with an altitude of 9.5 km. The graph is plotting electric field vs time with LDAR2 altitudes on the right. No LDAR2 event 
occurs at initiation but an E-change spike is seen at both sensors. The first IB pulse is seen at both sensors with a correlating LDAR2 
event. The IEC has a duration of 2.06 ms and an E-change of -6.35 V/m. 
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STORM OF AUGUST 1, 2010 
 
 46 of the 58 IECs came from the beginning of the August 1, 2010, storm. The first 
IEC starts at 65195s (6:06 p.m.) and the last IEC obtained occurs at 66287s (6:24 p.m.). 
Figure 5 and 6 show continuous E-change data at sensor K14 since it was the closest 
sensor for 43 IECs (K24 was closer for 3). Figure 5 and 6 also includes 10 IECs (5 CG 
flashes and 5 IC flashes) from Marshall et al. [2014] marked by “X”. Three IC flashes 
appear to have 2 starts (discussed later) and are marked by “2”. Figure 5 displays the first 
10 minutes of the storm which was the active portion. Figure 6 displays the next 10 
minutes where lightning flashes happen much less frequently (only 7 lightning flashes). 
During the storm, a hybrid flash called a bolt-from-the-blue lightning flash occurred at 
66038s; this type of flash begins with upward negative charge motion that then 
propagates horizontally and finally turns downward toward ground to produce a return 
stroke [Lu et al. 2012]. Since the hybrid begins with upward negative charge like an IC 
flash, its IEC is categorized as an IC IEC. 
 For the complete storm near sensor K14, only 4 lightning flashes were not 
examined for IECs. With only 4 out of 57 flashes missing (3 IC flashes had 2 starts), the 
storm during August 1, 2010, can be used to look at IECs in the progression of a storm. 
Figure 7 shows the duration of the IECs over the progression of the storm. The 10 IECs 
from Marshall et al. [2014] were used to further enhance the value of the scatter plot. The 
IECs in CG flashes never reached a duration of 1 ms during the storm while IC flashes 
had much higher durations. Similar to what was seen in figure 5, most of the activity of 
the storm occurred around the beginning (from 65250s to 65750s). Notice that the 
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average duration for IECs during IC flashes is highest during the time of the storm with 
most activity (the beginning) and then proceeds to decrease with the decrease in activity. 
Mean durations for IECs in IC flashes were calculated in increments of 200 seconds 
starting at 65195s. 
 
 
Figure 5: The first 10 minutes of the storm during August 1, 2010, are shown. The data was obtained from continuous E-change data 
at sensor K14. Both frames are at 5 minutes or 300 seconds. The IC flashes are marked as “IC”. The CG flashes are marked as “CG”. 
The two-start flashes are marked by “2”. The previously known IECs are marked by “X”. a) The first flash occurs at 65195s and was 
previously recorded by Marshall et al. [2014]. b) This is the most active part of the storm with 27 lightning flashes. 
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Figure 6: The next 10 minutes of the storm during August 1, 2010, are shown. The data was obtained from continuous E-change data 
at sensor K14. Both frames are at 5 minutes or 300 seconds. The IC flashes are marked as “IC”. The CG flashes are marked as “CG”. 
The two-start flashes are marked by “2”. The previously known IECs are marked by “X”. a) The activity of the storm has died down. 
Only 4 flashes are seen in these 5 minutes. b) Only 3 flashes are shown with the last recorded IEC at 66287s. The hybrid occurs at 
66038s and is marked as an IEC during an IC flash since the beginning of the hybrid flash acts exactly like an IC flash (negative 
charge moves upward). 
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Figure 7: The data from the storm during August 1, 2010, is plotted in a scatter plot of IEC duration vs time. Activity of the storm 
peaked at 65250s to 65750s. IECs in CG flashes had a smaller duration than the IECs in IC flashes, and this is typical for all IECs seen 
thus far. 5 CG flash IECs and 5 IC flash IECs from Marshall et al. [2014] were included in the scatter plot. 
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STORM OF AUGUST 17, 2010 
 
 Possible IECs have been found for all of the flashes that occurred during a small 
storm on August 17, 2010. IECs for one IC flash and 5 CG flashes have been previously 
documented by Marshall et al. [2014a]. IECs for the remaining 7 flashes are documented 
herein with 6 IC flashes and 1 CG flash. There were a total of 13 flashes throughout the 
storm.  
 The 6 IC flashes are shown in figure 8. All of the IECs shown were seen by 
sensor K02. For 4 of the 6 IC flashes (figure 8a, 8c, 8d, and 8e), ch3 of sensor K02 was 
not triggered, so lp3 for sensor K02 had to be used. In the more distant sensors (K14 and 
K24), little to no E-change was seen. For these 4 IC flashes, the IEC was recorded as a 
gradual initial E-change for the IC flash, and the IECs stopped at abrupt negative E-
changes which are characteristic of IB pulses for nearby sensors within reversal distance 
(see Figures 3c and 4). 
 The first LDAR2 event for each of the IC flashes in figure 8 are shown with 
corresponding distances to the nearest sensor (K02) with the exception of figure 8c and 
8f. In figures 8c and 8f, the first LDAR2 event did not occur until later in the IC flash. 
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Figure 8: E-change data is shown for the storm on August 17, 2010, at sensor K02. The LDAR2 events have been shifted to match the 
time at K02. All of the IECs are for IC flashes. a) This IEC has a duration of 0.94 ms and E-change of -2.0 V/m. The LDAR2 event 
during the IEC occurred 2.80 km from K02 b) This IEC has a duration of 0.17 ms and E-change of -4.6 V/m. The first LDAR2 event 
coincides with initiation of the IEC and is 4.17 km away from K02. c) This IEC has a duration of 1.15 ms and E-change of -1.89 V/m. 
A LDAR2 event is not seen until later in the flash. d) This IEC has a duration of 1.50 ms and E-change of -0.68 V/m. The first 
LDAR2 event occurs during the abrupt E-change (coinciding with the first IB pulse) and is 4.46 km from K02. e) This IEC has a 
duration of 5.50 ms and E-change of -4.52 V/m. The first LDAR2 event occurs during the IEC at 5.50 km from K02. f) This IEC has a 
duration of 0.22 ms and E-change of -0.84 V/m. The first LDAR2 event does not occur during the IEC and is not seen; it is 1.35 km 
from K02. 
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 Figure 9 shows the one newly documented CG flash for the August 17, 2010, 
storm. It is unique because it does not have a distinguishable IEC at the nearest sensor 
K02 even though the horizontal separation distance, 4.07 km (based on the first LDAR2 
event), suggests that sensor K02 was within the reversal distance of the IEC. The altitude 
of an IEC would have been 6.51 km based on the first LDAR2 event. Figure 9a shows the 
CG flash. During the early part of the record (between 58994.610 s and 58994.615 s), the 
K02 E-change has a negative excursion which is more apparent in figure 9b. During the 
first 10-20 ms of a typical CG flash recorded within the reversal distance, the E-change 
would only have an upward (positive) slope. Even within the reversal distance, the E-
change slope switches to negative when the stepped leader descends close to the ground. 
See the K14 data in Figure 1a for a good example of the typical E-change at a sensor 
within the reversal distance. 
 In figure 9b, the opposite (negative) polarity E-change is seen for 1.5 ms between 
58994.612 s and 58994.6135 s in figure 9b. Based on the discussion above, we expected 
the E-change slope to remain positive during the IB pulses, but it switched to negative 
polarity. The LDAR2 event during the polarity change occurred 4.50 km from sensor 
K02. Sensor K14 is 16.6 km from the first LDAR2 seen for the CG flash, and its E-
change remains negative throughout the time shown, as expected for a sensor beyond the 
reversal distance from the IEC. 
 Figure 9c shows the beginning of the flash. Based on these data, it is possible that 
the first pulse in the K02 data initiated an IEC, since there is a coincident LDAR2 event 
and since there is a gradual E-change that occurs after the pulse and lasts 0.31 ms. 
However, this “initiation” pulse is much larger than typically seen with other IECs, and 
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the pulse closely resembles an IB pulse, especially since it has electrostatic offset. We 
think it is more likely that the first pulse is an IB pulse and that the IEC is not observed 
because the beginning of the flash is very close to the reversal distance, as supported by 
the sudden change in polarity measured at the nearby sensor K02. The E-field would 
approach zero at reversal distance, making the IEC hard or impossible to detect. If this 
hypothesis is correct, it also seems to require that the dipole orientation of the IEC must 
have been tilted from the vertical, for it is known that the reversal distance of a vertical 
dipole is greater than its height [Ogawa and Brook, 1964]. Of course, it is also possible 
that this CG flash was not preceded by an IEC. 
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Figure 9: The CG flash occurred during the August 17, 2010, storm at 16:23 UTC. The LDAR2 events are time shifted to the K02 
sensor. a) The time frame is 40 ms. The CG flash is shown up to the return stroke. b) The time frame is 5 ms. The E-change at sensor 
K02 changes polarity for 1.5 ms starting at 58994.612 s. The more distant sensor K14 has no change in polarity. c) The time frame is 2 
ms. The first LDAR2 event occurs at either a strong initiation or IB pulse. The LDAR2 event is 4.50 km from K02 and 16.6 km from 
K14. 
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TWO-START IC FLASHES 
 
 During the August 1, 2010, storm, three IC flashes were found in which there was 
a delayed, or second, start of the event after the first IEC. We call these flashes two-start 
events herein. In figure 10a, one such event is shown. Figure 10b shows a typical IC start 
during the same storm with the same time frame. Figure 10a shows an IC flash where the 
LDAR2 events slow down and stop occurring for ~14 ms which is the same for the IB 
pulses before beginning again. In figure 10b of the typical IC flash, the first IB pulse is 
seen 3.5ms after the beginning, and continues into the IC flash without a significant delay 
in IB pulses. 
In figure 11a, two possible IECs are found for the two-start IC flash in a time 
frame of 50 ms. The first possible IEC occurs at the very beginning like other IC flashes. 
IB pulses follow the first IEC, but eventually neither IB pulses nor LDAR2 events 
continue to occur. The second possible IEC is where IB pulses and LDAR2 events start 
up again. Following the second possible IEC, there is an IB pulse typical of other IC 
flashes. In figure 11b, the IC flash from figure 10b is set to the same time frame of 50 ms. 
Notice how the IB pulses do not tend to have long delays like seen in figure 11a. 
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Figure 10: Both IC flashes occurred on August 1, 2010, and are in a time frame of 100 ms. K14 is the nearest sensor for both flashes. 
a) Both sensors have been time shifted to LDAR2 events. A LDAR2 delay is shown last ~14 ms between the beginning set of IB 
pulses and the continuation. b) No delay is seen for the IC flash at the beginning where the IEC occurs.  
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Figure 11: The two flashes are now set to a time frame of 50 ms to better see the delay of the two-start IC flash. Both occur during the 
August 1, 2010, storm with K14 sensor being the closer sensor. Both flashes also experience inverter noise at the K14 sensor. a) The 
delay is now more apparent than in figure 10. The first LDAR2 event occurs during the first IEC. WSB sees no E-change during the 
LDAR2 delay. The sensors have been time shifted to the LDAR2 events. b) In this IC flash, the LDAR2 events continue occurring 
after the first IB pulse. 
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 In figure 12a, the first IEC from the two-start IC flash is displayed. Following the 
first possible IEC, there are a few IB pulses seen, but they begin to taper off. There is 
little to no E-change after the first IEC. Figure 12b, shows the second possible IEC of the 
two-start IC flash. The second IEC resembles a typical IEC and is followed by the first IB 
pulse after the delay between the two IECs. The IB pulses do not taper anymore similar 
to the IEC shown in figure 12c which comes from the IC flash in figure 10b. Two-start IC 
flashes on average have higher altitude LDAR2 events and have longer durations than 
typical IC flashes, but not enough two-start IC flashes have been observed to truly 
compare the two. 
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Figure 12: The two IECs during the two-start IC flash are compared against the IEC in the IC flash from figure 10b. Both flashes 
occur during the August 1, 2010, storm. Inverter noise can be seen at K14 for all three and not at WSB. a) A LDAR2 event occurs 
during the first IEC in the two-start IC flash at a distance of 5.25 km from K14. The IEC has a duration of 1.66 ms and E-change of -
0.67 V/m. b) The second IEC during the two-start IC flash also has a LDAR2 event that occurs during the IEC at a distance of 4.82 
km from K14. The IEC has a duration of 1.47 ms and E-change of -0.86 V/m. c)The LDAR2 event that occurs during the IEC in the 
IC flash from figure 10b is 5.84 km from K14. The IEC duration is 3.26 ms and E-change of -3.45 V/m.  
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IEC DATA FOR 15 CG FLASHES AND 37 IC FLASHES 
 
 A total of 55 lightning flashes with IECs were recorded (15 CG flashes, 37 IC 
flashes, and 3 two- start flashes). Figure 13 shows all IECs plotted with two important 
values: time duration of the IEC and point dipole moment of the IEC. In figure 13a, the 
longest duration for an IEC in an IC flash was 5.5 ms while the longest for a CG flash 
was 0.91 ms. In figure 10b, the largest point dipole moment magnitude for a CG flash 
was 59.6 C m and the largest for an IC flash was -653 C m.  
 Table 1 better represents the averages of the IC, CG, and two-start flashes 
recorded. Using the table, we can compare this data against the data previously collected 
by Marshall et al. [2014] where 36 IECs were already obtained (18 CG flashes and 18 IC 
flashes). Two-start flashes had the longest average durations, highest average point dipole 
moments, and highest altitudes. Not much can be drawn from this due to the limited 
number of two-start flashes that were acquired (3 two-start flashes with 6 IECs). Table 1 
shows several differences between IC flashes and CG flashes. On average, IECs in IC 
flashes tend to have larger magnitude point dipole moments and longer durations. They 
also appear to occur higher in the storm. These were characteristics already mentioned of 
the 36 flashes from Marshall et al. [2014].  
 Another important aspect of table 1 is the number of LDAR2 events that coincide 
with the IEC. Only 3 IECs in CG flashes did not have coinciding LDAR2 events, but 9 
IECs in IC flashes did not. As mentioned in the Data Sources and Methods chapter, this is 
due to the requirement that 6 of the LDAR2 sensors must agree on an event in order to 
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record it. If a better system was in place, the initation of the IEC might be seen more 
easily. 
 
Figure 13: Both scatter plots are graphed with Altitude on the x-axis. a) The first scatter plot shows all recorded IECs as IEC duration 
vs altitude. CG flashes occurred at lower altitudes with shorter durations. IC flashes and two-start IC flashes occurred at higher 
altitudes with longer durations and more variance. b) The second scatter plot shows the recorded IECs as point dipole moment vs 
altitude. IEC in CG flashes have positive point dipole moments, but are actually the lower in magnitude. IECs in IC flashes have 
larger variance in point dipole moments. Point dipole moments could not be calculated for the IECs without LDAR2 events. 
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Flash Duration 
(ms) 
E-Change 
(V/m) 
Distance 
(km) 
Altitude 
(km) 
Point 
Dipole (C 
m) 
LDAR2 
during IEC 
CG 0.35 (0.31) 
(0.14 – 
0.91) 
1.31 (0.75) 
(0.2 – 
5.44) 
4.61 (4.84) 
(0.94 – 
6.82) 
5.79 (6.07) 
(2.34 – 
7.70) 
31.4 (34.7) 
(5.46 – 
59.6) 
12/15 
7/15 
IC 1.83 (1.50) 
(0.04 – 
5.5) 
-2.3 (-1.05) 
(-0.11 to -
15.2) 
5.32 (5.03) 
(1.34 - 
8.47) 
8.85 (8.96) 
(6.23 – 
11.8) 
-126 (-
68.7) 
(-7.83 to -
653) 
28/37 
5/37 
Two-start 4.13 (3.83) 
(1.47 – 
7.42) 
-3.35 (-
2.54) 
(-0.67 to -
8.39) 
4.82 (5.03) 
(4.18 – 
5.26) 
 
9.39 (9.25) 
(8.80 – 
10.1) 
-178 (-160) 
(-52.4 to -
397) 
6/6 
1/6 
 
Table 1: The table shows different measurements for the three types of lightning flash studied in order of 
average, (median), and (range). For LDAR2 during IEC, the top ratio shows how many IECs have LDAR2 
events out of the total number of IECs. The bottom ratio shows how many IECs have LDAR2 events at 
initiation of IEC out of the total. 
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CONCLUSION 
 An initial E-change (IEC) was found in 55 of the 56 lightning flashes studied (15 
CG flashes, 37 IC flashes, and 3 two-start flashes). Combined with the IECs seen in 36 
lightning flashes (18 CG flashes and 18 IC flashes) from Marshall et al. [2014], only 1 
out of 92 flashes did not have a distinct IEC. The missing IEC in the August 17, 2010, 
storm could still have an IEC that just can’t be seen due to a strong initiation resembling 
an IB pulse or a close proximity to the reversal distance.  
Based on 36 IECs in 36 lightning flashes, Marshall et al. [2014] hypothesized (1) 
that all lightning flashes have IECs, (2) that lightning initiation begins with an ionizing 
event that causes the IEC, and (3) that the IEC enhances the electric field in the cloud to 
cause the first IB pulse. This thesis provides strong support for the hypotheses of 
Marshall et al. [2014], especially by showing that IECs occur before all (or almost all) 
lightning flashes in two thunderstorms. 
 While only 1 lightning flash was seen without a distinct IEC, it was not the only 
unusual lightning flash. 3 were found to have two IECs characterized as two-start flashes. 
All 3 were IC flashes with long beginnings. Instead of the first IEC being followed by an 
IB pulse, it is followed by small (or no) negative E-change. The first IEC was still 
followed by IB pulses, but they did not lead to a stepped leader like a typical IEC. 
Instead, the IB pulses taper off until the occurrence of another IEC. The second IEC is 
observed followed by a typical progression of LDAR2 events in an IC flash. 
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 Apart from these peculiar flashes, the rest of the lightning event IECs were 
categorized as IC flashes or CG flashes. IECs in CG flashes had a positive steady E-
change, and IECs in IC flashes had a negative steady E-change. The IECs in IC flashes 
had larger point dipole moment magnitudes and longer duration than the CG flashes on 
average. As shown in Table 1, the average durations and point dipole moments were 
(0.35 ms, +31 C m) for CG flashes, were (1.83 ms, -126 C m) for IC flashes, and were 
(4.13 ms, -178 C m) for two-start flashes. 
 The 55 lightning flashes shared the following characteristics: IECs were only 
detected if a sensor was close enough to be within the reversal distance of the lightning 
flash. No E-change is seen before the IEC except for two-start flashes (the second IEC 
follows a failed start). An LDAR2 event was seen at initiation of the IEC or during the 
IEC for most cases, and a vertical point dipole moment could be calculated using these. 
An IB pulse immediately follows the IEC and leads to stepped leader pulses of the 
lightning flash. If the IB pulses do not progress into a step leader, the IEC results in a 
failed start (seen in the three two-start flashes). 
 More examples are necessary to better understand the characteristics of an IEC, 
especially more examples of two-start flashes. While the LDAR2 data were useful in 
giving location data of the lightning flash and events leading up to the lightning flash, 
LDAR2 events only occurred in 46 of the 58 IECs recorded. Only 13 IECs had LDAR2 
events at initiation. The reason for this might be due to the necessity to have 6 LDAR2 
sensors agree on impulsive lightning events. 
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